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We applied a 3-D seismic tomography inversion algorithm to arrival-time data obtained, during 18 years from
1985 to 2002, from local seismic networks and aftershock studies in the Marmara region, in order to better
understand the upper crustal structure of the complex tectonic region. We integrated all the available data set into
a common data set and relocated the events, using a 1-D velocity model. We then selected 3,949 earthquakes
and obtained 92355 arrival times, in total, consisting of 59,313 P-wave and 33,042 S-wave arrival times. In this
paper we present detailed crustal structures for V p, V s and V p/V s ratios from the surface down to 15 km depth
with good resolution in terms of the hit count analysis of seismic rays, the checkerboard and restoring resolution
tests for the studied region. The results obtained from the inversion suggest that the western part of the North
Anatolian Fault Zone shows strong lateral heterogeneity. We concluded that no clear pattern exists between the
distribution of microearthquakes and aftershocks and the velocity perturbations presented in this paper. This is
probably due to complex tectonic and geological structures. Large coseismic slip associated with the two recent
strong earthquakes was found to correspond to higher velocity anomalies, as was often found recently. On the
other hand, low velocity values correspond to the sedimentary units or the alluvium regions, as supported by the
low resistivity and gravity values. Thus the results presented in this paper are quite consistent with the other
data such as gravity, resistivity and magnetic anomalies, indicating that our model is reliable and efﬁcient and it
should be useful for further interpretation of tectonic and geological problems in this region. It should be pointed
out, however, that the results of S-wave perturbations and V p/V s ratio could not be discussed in detail because
of insufﬁcient quality of the S-wave data and the reliability of the results is not very high. Nonetheless, the fact
that recent large Izmit earthquake and moderate aftershocks that occurred in or around the high velocity zones
near the low velocity region suggests that high velocity regions found in the area close to Istanbul in the Marmara
Sea and also at the Iznik-Mekece fault are potential sites for strain energy accumulation and release.
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1. Introduction
The Anatolian block is located in the highly active
Alpine-Himalayan seismic belt and characterized by the
collision of the Arabian and the African plates with the
Eurasian plate (McKenzie, 1972), as shown in Fig. 1. The
collision probably started during Early Miocene (Yilmaz et
al., 1995) and gave rise to shortening, thickening and up-
lift of the Anatolian block. The Anatolian block began to
move west, along the North Anatolian Fault Zone (NAFZ),
during Late Miocene to Pliocene about 5.7 million years
ago (Barka, 1992). Yaltirak et al. (2000) suggested, how-
ever, that the NAFZ started its activity later than 3.7 million
years. The rate of the lateral displacement along the NAFZ
has been estimated from regional seismotectonic (Canitez
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and U¨c¸er, 1967; Eyidog˘an et al., 1998; Taymaz et al., 1991)
and geodetic (Reilinger et al., 1997; McClusky et al., 2000)
slip-rate measurements, ranging from 17 to 24 mm/year
in the E-W direction in the Marmara Sea region, near the
western end of NAFZ. The geologically estimated total dis-
placement is about 1 km since Quaternary and several tens
of kilometers since Pliocene.
The NAFZ is in fact regarded as a large-scale transform
fault like the San Andreas Fault (Barka, 1992), and has
been the sites of numerous disastrous earthquakes includ-
ing the Erzincan earthquake of 1939 (Mw7.9), the Izmit
(Mw7.4) and the Duzce (Mw7.2) earthquakes of 1999. It
is a nearly 1500 km long dextral strike-slip fault extending
from Karliova triple junction in the east (Eastern Turkey),
crossing through the Marmara Sea and entering the North
Aegean Sea and mainland Greece in the west. The Mar-
mara region in the western part of the NAFZ, deﬁned in
this paper as the region between Bolu and the Dardanelles,
is a transition zone between the strike-slip regime in the
east and the extension regime in the west, the Aegean Sea.
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Fig. 1. Location of the investigated region (rectangular area) shown together with the active tectonic map of the Anatolian plate and the surrounding
regions. Lines with solid triangles represent the active subduction zones, lines with open triangles the active trust faults, and solid lines the strike-slip
faults. Plate motions are shown by large solid arrows. EAF stands for the East Anatolian Fault (after Okay et al., 2000).
In fact, the Marmara region has shown complex tectonic
features with high seismic activity (Barka and Kandinsky-
Cade, 1988). In particular, the NAFZ zone splays into
two main branches around Bolu (32◦E in longitudes), and
then into three branches around Geyve-Adapazari (30◦E).
The three branches have been called the northern (Sapanca
Lake, the Gulf of Izmit, the northernMarmara Sea, Murefte,
the Gulf of Saros), the middle (Geyve, the south of Iznik
Lake, the west of Gemlik Bay, Bandirma, Ezine) and the
southern (Geyve, Edremit) branches (Dewey and S¸engo¨r,
1979; S¸engo¨r et al., 1985). Smith et al. (1995) and Okay
et al. (1999) proposed that the NAFZ would be further sep-
arated into more branches in the Marmara Sea. Names of
geographical locations and cities are given in Figs. 1 and
4(a).
Historical seismicity and recent GPS studies indicate that
the northern branch has been more active, followed by the
southern branch and then by the central one (Ambraseys
and Finkel, 1991, 1995; Oral et al., 1995; Barka and
Reilinger, 1997; Barka, 1999; Ayhan et al., 2002; Finkel,
2002). In addition, recent detailed micro-earthquake stud-
ies show that the seismicity has been most active along the
northern branch (U¨c¸er et al., 1997; Baris¸ et al., 2002). Cur-
rent seismic risk in the Marmara Sea region is extremely
high, in particular for several large cities with total popu-
lation of about 20 million (Bursa, Tekirdag˘, Izmit, Yalova,
Edirne, Balikesir, Canakkale and Istanbul). For example,
Istanbul is a rapidly growing metropolis that has been heav-
ily damaged by the earthquakes which had occurred in the
Marmara Sea region twelve times during the past 15 cen-
turies (Genc¸ and Mazak, 2001); the 1894 earthquake with
the estimated moment magnitude of 7.0 was the last histor-
ical earthquake. The west of the Izmit earthquake rupture
zone has remained as an unruptured fault segment of nearly
160 km. According to Parson et al. (2000), the probabil-
ity of large earthquake occurrence in the Marmara Sea is as
high as 62±15% within 30 years and 32±12% during the
next decade.
In view of such high seismic risk, various kinds of stud-
ies have been undertaken in the Marmara region. Detailed
investigations of geology and tectonics of the Marmara Sea
and its surrounding regions have been made (S¸engo¨r et al.,
1985; Yilmaz et al., 1995; U¨c¸er et al., 1997; Gu¨rbu¨z et al.,
2000; Yaltirak, 2002). GPS measurements have been con-
ducted to estimate the relative rates of displacement of the
Anatolian Block with respect to Eurasia (Starub and Kahle,
1994, 1997; Oral et al., 1995; Barka and Reilinger, 1997;
Ayhan et al., 2002). Marine seismic experiments have been
carried out across the pull-apart basins and the active fault
traces beneath the Marmara Sea to obtain detailed informa-
tion on shallow fault structures and fault movements (Smith
et al., 1995; Okay et al., 1999; Demirbag˘ et al., 2003).
Neotectonic and paleoseismological studies on several seg-
ments of the NAFZ provided new quantitative information
about the tectonic process and the time record of major
earthquakes (Ikeda et al., 1989; Barka, 1992). Some other
geophysical observations such as gravity, magnetotellurics
(MT) and the magnetic ﬁeld have also been undertaken
(Honkura et al., 1985; Is¸ikara et al., 1985; Tunc¸er et al.,
1991a, b; Honkura and Is¸ikara, 1991; Gu¨rer, 1996; Honkura
et al., 2000; Adatepe et al., 2002; Tank et al., 2003; Ates¸ et
al., 2003).
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Table 1. Available data from various networks. Number of seismic stations is for those belonging to the study area.
Name of the network Operation period Number of seismic stations Number of events Type of observation
MARNET 1976–Present 20 15000 Permanent
IZINET 1993–Present 15 4500 Permanent
ISTNET August 2002–Present 6 100 Permanent
DAT Stations August 1999–February 2000 10 6000 Aftershock-Temporary
EDR Stations August 1999–March 2000 10 7000 Aftershock-Temporary
LAMONT Stations August 1999–February 2000 83 15000 Aftershock-Temporary
Seismicity of Bursa October 1996–June 1997 12 3700 Project-Temporary
Seismicity of Marmara September–November 1998 30 200 Project-Temporary
TUBITAK August–December 1999 62 500 Project-Temporary
Most of these studies are directed toward the understand-
ing of shallow structures associated with active faults rather
than the seismogenic zones which are supposed to be lo-
cated between 7 and 15 km in depth, and hence the informa-
tion on the deeper structure is still insufﬁcient. Also, impor-
tant information such as the earthquake generation process
coupled with heterogeneity of the structure is not available.
In this respect, 3-D seismic tomography studies can con-
tribute to better understanding of heterogeneous structures
in the seismogenic zone. This is the reason why we took
up the present study of 3-D tomography in the Marmara re-
gion.
Microearthquake activity in this region has been mon-
itored continuously since the MARNET seismic network
was established in 1976 (U¨c¸er et al., 1985). Because of
insufﬁcient network coverage, however, the distributions of
earthquakes and seismic stations in and around Marmara
region have not been good enough for a study of 3-D ve-
locity structure. In the meantime, tomography studies were
performed by Kuleli et al. (1995) and by Nakamura et al.
(2002) for some parts of the Marmara region. In particu-
lar, Kuleli et al. (1995) attempted a tomography of P-wave
velocity for the deeper structure of the Aegean Sea region
including the western part of the Marmara Sea, whereas
Nakamura et al. (2002) evaluated P-wave structure of the
aftershock area of the 1999 Izmit earthquake. However,
their data sets are limited and both the grid size and the
resolution were rather poor.
After the IZINET seismic network were established in
1993 in the eastern part of the Marmara region, we could
collect a large amount of aftershock data from the Izmit
and the Duzce earthquakes in 1999. Hence the data set
should now be good enough to perform a study of three-
dimensional velocity structure of better resolution. In fact,
we combined all the available seismic arrival-time data
from some permanent seismic networks such as MARNET
and IZINET, and also from aftershock observations after the
Izmit and the Duzce earthquakes. We also incorporated the
results from the past projects on seismicity in the Marmara
region. We now apply a tomography method to estimate
3-D V p, V s and V p/V s structures beneath the Marmara
region. Then we will try to interpret the obtained velocity
images in terms of material properties, rock types, ﬂuid dis-
tribution, and so on. It would also be useful to compare the
results with other geophysical information such as gravity
and the resistivity.
2. Data and Method
We ﬁrst attempted to combine all the seismic phase ar-
rival data which are available for the study area from the
existing networks and also from various studies for the pe-
riod from 1985 to 2002. Seismicity of the Marmara re-
gion has mainly been monitored by the National Earth-
quake Monitoring Center (NEMC), Kandilli Observatory
and Earthquake Research Institute of Bog˘azic¸i University
(BUKOERI), with the MARNET seismic network since its
installation in 1976 (U¨c¸er et al., 1985) and some other na-
tional seismic network stations. The MARNET network
consists of nine single-component radio-telemetry stations
surrounding the Marmara Sea and has been operated by the
NEMC. This network was the ﬁrst modern seismological
network in Turkey and only this network has provided con-
tinuous seismic information for the Marmara region since
its installation. Hereafter the seismic stations belonging to
MARNET and the national seismic network are referred
to as KOERI. Another network called IZINET was in-
stalled in the eastern part of the Marmara region in August
1992 with six seismic stations, in order to monitor the mi-
croearthquake activity and provide the data of high quality
in this region (Ito et al., 1994; Baris¸ et al., 1996a, b; Baris¸
et al., 2002; Ito et al., 2000, 2002). It was installed in the
east of MARNET in view of increasing earthquake risk in
the western part of the NAFZ (Tokso¨z et al., 1979). The
number of seismic stations increased to 16 in 1998. Now
the present networks cover all three branches of the NAFZ.
In August 2002, the ISTNET network consisting of six 3-
component seismometers was installed in and around Istan-
bul and started to record seismic events in the northern and
northwestern parts of Istanbul.
The initial data set used for relocations of hypocenters
was enriched by adding aftershock and temporary obser-
vation results. The details of station distribution, observa-
tion system and information for the data provided by af-
tershock and seismicity projects are shown in Sellami et al.
(1997), Eyidog˘an et al. (1998), Seeber et al. (2000), Gu¨rbu¨z
et al. (2000), Nakamura et al. (2002) and Iio et al. (2002).
We used routine picks by several different observers and
merged data from different networks to make initial data
set for hypocenter locations. In Table 1, we brieﬂy summa-
rized some descriptions of each network such as the record-
ing period, the number of seismic stations and so on. In
total, 53,000 earthquakes including aftershocks of the Izmit
and the Duzce earthquakes during recent 18 years were re-
located with the revised version of HYPO71PC (Lee and




Fig. 2. (a) The minimum 1-D model used in the routine location of
earthquakes (U¨c¸er, 2002, personal communication) and also used as an
initial model for the 3-D tomograpic inversion. The solid line represents
the P-wave velocity and the dashed line the S-wave velocity. (b) The
modiﬁed Wadati diagram showing P arrival-time minus origin time vs
S arrival-time minus P arrival-time, and the least squares best ﬁtted
V p/V s ratio of 1.732 for the best quality data.
Lahr, 1975; Lee and Valdes, 1985); here, more than local
and regional 325 stations were used for initial relocation in
whole Turkey. This program has been routinely used at the
NEMC of BUKOERI.
We used P- and S-wave reading for relocations and
the magnitudes were calculated by applying the duration-
dependent formula, which has been widely used for lo-
cal earthquakes at KOERI. For aftershocks, however,
magnitudes were not determined during preparation of the
manuscript. We used the 1-D initial velocity model shown
in Fig. 2(a) and selected 1.0 and 0.5 as weights for P and S
waves for relocations. We also used the S-wave velocity for
hypocenter relocations, assuming V p/V s = 1.73 as gener-
ally used by KOERI for routine locations of local seismic
events in the western part of Turkey. To verify this assump-
tion on the V p/V s ratio, we applied the Wadati method,
and the modiﬁed Wadati diagram yields V p/V s = 1.732,
as shown in Fig. 2(b), which is in good agreement with the
reference value used for locations of earthquakes. After re-
locations we omitted the bad quality data from the data set.
If the standard error of epicenter and depth is greater than
or equal to 5 km, or the number of phase reading is less
than 10 (original value was 6 in the computer programme),
or the gap is greater than 180◦ or the rms-value is greater
than or equal to 0.5 seconds, or the epicentral distance in
km to the nearest station is greater than 50 km, hypocenter
solutions are assigned as bad quality data, as described in
detail in the manual of HYPO71PC (Lee and Lahr, 1975).
If one of the above criteria is met in our relocated events,
we removed such events from the initial data set for using
tomographic inversion, and we have only 33,352 events re-
mained, as plotted in Fig. 3(a).
Figure 3 shows the locations of all the seismic stations
that we used for relocations of seismic events. The stations
are densely and uniformly distributed in the eastern and
central parts of the study area. Unfortunately, however, the
station coverage is not good in the western, northwestern
and southeastern parts of the region.
In order to select the best set of seismic events for the
inversion, we divided the study region into 120,000 blocks
with spatial size of about 10 × 10× 0.5 km3 between 0 and
50 km depth. The event selection criteria are mainly based
on the condition that the ray should pass through at least one
block. As a result, we selected 3,949 earthquakes as given
in Fig. 3(b). They were used for tomographic inversion and
also for relocations with the new velocity model obtained
by the inversion. The total number of P-arrivals from 3,949
earthquakes is 59,313, whereas for S-arrivals it is 33,042.
In total, 248 local seismic stations, installed permanently
or temporally in the study region were used for the data
during 1985 to 2002. In order to avoid the effect of Pn
velocity anisotropy and the Moho depth variation, we used
only the arrival times with epicentral distances shorter than
200 km. Picking accuracy for the aftershock data and the
IZINET network is better than KOERI readings for P and
S waves. In fact, most of the permanent seismic stations
have only a single component, whereas all the temporary
seismic stations for aftershock monitoring were equipped
with 3-component seismometers. KOERI stations still rely
on paper drum recorders and reading accuracy of arrival
time of P wave is estimated to be around 0.05–0.2 seconds
and 0.1–0.7 seconds for S wave. Accuracy of P and S
waves for the other data sets is better than these values.
Most of the data used for tomographic inversion are recent
aftershock data recorded digitally.
In order to determine the 3-D crustal structure in the
Marmara region, we used the tomographic technique devel-
oped by Zhao (1991) and improved by Zhao et al. (1992).
This technique applies ray-tracing by the pseudo-bending
method and uses a conjugate gradient solver, the LSQR
algorithm of Paige and Saunders (1982), to invert a large
amount of the observed arrival times to the unknown param-
eters. Um and Thurber (1987) tested this algorithm by using
different data sets having different travel times. They noted
that this ray tracing technique is efﬁcient and can be used for
routine earthquake location and for velocity inversion pro-
grams in laterally heterogeneous seismic velocity structure.
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Fig. 3. (a) Relocated 33,532 earthquakes (small open circles) (1985–2002) from the integrated data which were derived from various permanent and
temporary networks used as the initial database for selecting earthquakes. (b) 3,949 earthquakes selected to perform 3-D tomographic inversion
and the distribution of used stations for inversion. The distribution of seismic stations used for the relocation and inversion is shown with different
symbols for the data sources shown in Table 1.
Zhao et al. (1992) concluded that the pseudo-bending tech-
nique can ﬁnd an accurate ray path in a fully 3-D form, no
matter how long the hypocentral distance is. In this method,
any seismic discontinuties can be taken into consideration
so that we can deal with complex velocity discontinuties.
The velocity model we adopted as given in Fig. 2 is not a
continuous model but has a velocity jump, and so we used a
velocity model with velocity discontinuities. Nonlinear to-
mographic problem is solved by iteratively conducting lin-
ear inversions. In each step of the iteration, the velocity
structure and earthquake source parameters are determined
simultaneously. The mathematical formulation and the de-
tailed explanation of the method are given in Aki and Lee
(1976), Zhao (1991), and Zhao et al. (1992).
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Fig. 4. Plan and E-W cross-sectional views of the variable grid adopted in the inversion.
In this tomographic inversion velocities within each layer
are allowed to vary laterally and vertically. A 3-D grid
is set up to obtain the 3-D velocity structure. Velocities
at each grid node and hypocenter parameters are taken as
unknown parameters. The velocity at any point is calculated
through linear interpolation of velocities at eight grid nodes
surrounding that point. We tried to select the best grid
spacing and attempted to use horizontally and vertically
variable grid spacing. We could not use the uniform grid
spacing, because the ray paths are not uniformly distributed
horizontally as well as vertically, and the station distribution
is not uniform in the study area. In fact, the grid spacing was
chosen so as to have enough ray paths near each grid point.
We ﬁrst tried to change the grid spacing from a sparse
to a denser grid with nodal spacing of 0.40◦, 0.33◦ and
0.25◦ in the E-W and N-S directions, to perform a resolution
test and invert a small amount data set. Subsequently, we
selected the best 3-D grid spacing which is shown in Fig. 4.
The spacing in the E-W direction was selected as 1◦ in the
westernmost part, between 26◦E and 28◦E in longitudes.
Then it was taken as 0.5◦ in the area between 28◦E and 29◦E
in longitudes where the station distribution is dense. In
the aftershock area of the Izmit and the Duzce earthquakes
located east of 29◦E, the grid spacing is taken as 0.33◦,
because of the denser station coverage of this region. In the
N-S direction, the grid spacing is selected equally as 0.25◦,
starting between 39.7◦N and 41.7◦N in latitudes. Also after
we tried to apply different grid spacing as 2, 3, 4 and 5 km
to the vertical direction, we ﬁnally decided to use 5 km grid
nodes for the vertical direction to the depth of 20 km and
then 10 km to the depth of 40 km; hence the layers of grid
nodes are at depths of 0, 5, 10 15, 20, 30 and 40 km.
Because of the insufﬁcient number of earthquakes and
the bad resolution results according to the CRT and RRT
tests and hit count results, we will not discuss any velocity
perturbation below 15 km depth for the V p, V s and V p/V s
structures. There are many velocity models for locating
earthquakes as proposed by some researchers with differ-
ent methods and data sets for different parts of the Marmara
Sea region: Gu¨rbu¨z et al. (1998), U¨c¸er et al. (1997), Ergin
et al. (2000), Bouchon et al. (2000), Pektas¸ (2001), Ito et
al. (2002), and Horasan et al. (2002). We tried to relocate
our data set with different velocity models but RMS values
turned out to be larger than the velocity model which is used
for tomography. We started to perform tomographic inver-
sion by using a simplest and widely used one-dimensional
velocity model of BUKOERI, which is routinely used for
the location procedure at BUKOERI for local earthquakes
in the western part of Turkey. This model has been derived
combining different 1-D velocity models obtained by VE-
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Fig. 5. Results for the checkerboard resolution test for (a) P and (b) S waves. The depth of each layer is shown in the lower right corner of each map.
LEST (Kissling et al., 1994), quarry blasts and taking into
account the seismic refraction proﬁles for the Marmara re-
gion (Baris¸ et al., 2002; U¨c¸er, 2002, personal communica-
tion). This velocity model was already shown in Fig. 2(a).
3. Resolution Tests
3.1 Checkerboard resolution test
In order to assess how adequate the ray coverage would
be and also how high the resolution of tomographic inver-
sions would be, we constructed synthetic models and made
the so-called checkerboard resolution tests (CRT) with the
hit count of ray paths in each grid block. The basic idea of
CRT is shown in Humphreys and Clayton (1988) and Inoue
et al. (1990). We assigned positive and negative velocity
perturbation of ±6% alternately to the 3-D grid nodes, and
calculated travel times for this model to make the synthetic
data. The images of synthetic inversions and hit counts are
considered to be useful to examine where the resolution is
good or poor. We also added random noises 0.05 s for the
P wave and 0.1 s for the S wave which correspond to pick-
ing errors in the synthetic data. The CRT test is in fact a
checkerboard pattern in the 3-D grid.
3.2 Restoring resolution test
The basic idea of restoring resolution test (RRT) is given
by Zhao et al. (1992). It is believed that the simple CRT test
image cannot sufﬁciently show the resolution for compli-
cated tectonic structures and the RRT test is useful to show
the resolution for the study area. In this type of test, the ﬁnal
3-D velocity model obtained by the inversion is taken as an
initial model, and synthetic travel times are then calculated
for the model by using the 3-D ray tracing technique. In the
RRT test, random noises corresponding to the uncertainty
in picking P- and S-phases of local earthquakes are usually
added to the calculated synthetic travel times. By apply-
ing the same inversion algorithm to the calculated synthetic
data, we obtain the restoring image of the real result.
4. Results
Our present tomographic inversion provides the ﬁrst re-
liable 3-D velocity model for the whole Marmara region,
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Fig. 6. Results for the restoring resolution test for (a) P and (b) S waves. The depth of each layer is shown in the lower right corner of each map. Blue
and red colors represent high and low velocity perturbations, respectively.
Fig. 7. P-wave velocity perturbations obtained by the inversion. The velocity perturbation is deﬁned as the deviation of velocity from the initial velocity
given in Fig. 2. Blue and red colors represent high and low velocity perturbations, respectively. Open circles show the epicenters relocated by the
inversion. The fault lines are taken from Sarog˘lu et al. (1992), Ikeda and Komut (1999), Okay et al. (2000), and Woith (2003). The depth of each
layer is given in the lower right corner of each map.
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where inhomogeneous, sharp velocity variations have been
expected, because of the complex tectonic regime and ge-
ology. In this section we explain the results of inversion in
detail.
We ﬁrst tried to obtain the best grid spacing for the hor-
izontal and vertical directions, based on the checkerboard
patterns, hit counts and the number of arrival times for each
station. As for the vertical direction, the results turned out
to be similar for spacing of 5 and 6 km. Only 2, 3 and 4 km
depth spacing could not be recovered in our synthetic test
and so we decided to use 5 km grid spacing for the depth
range from 5 to 20 km. Below 20 km, 10 km grid spacing
was selected according to the CRT test and the ray paths.
Evidently, the heterogeneity in the lower crust cannot be
examined with the present data set, because most of the
earthquakes occurred in the upper crust in the study area.
So we focus the tests on the crust to the depth of 15 km.
Then we performed the CRT tests for different grid spacing
in the horizontal and vertical directions. In Fig. 5, we show
a typical checkerboard pattern which seems to ensure good
resolution. The hit counts which are not shown here are
also large at the locations of high resolution. The results of
CRT for the P wave are quite good and the pattern can be
recovered at 5, 10 and 15 km depths for most of the study
area, as shown in Fig. 5(a). The resolution is relatively
low at 15 km depth, because few earthquakes occur at and
below this depth. Figure 5(b) shows the resolution for the
S wave which is rather poor, compared with the case for
the P wave. In particular, the resolution for the S wave
is poor below 15 km and hence we cannot discuss on the
velocity structure beneath this depth for V s and V p/V s. In
general, the checkerboard patterns are well recovered in the
regions where the distribution of seismic stations is dense,
namely in the central and the eastern parts of the Marmara
Sea region. In other regions, the resolution is poor and
signiﬁcant discussion would not be possible, particularly
for V s and V p/V s.
The results of restoring resolution test (RRT) are shown
in Figs. 6(a) and 6(b) for several layers for V p and V s,
respectively. In the RRT, the ﬁnal 3D model is taken as
an initial model. Travel times are calculated for the same
station and hypocenter pairs as the observation to generate
the synthetic data. We added 0.1 s for V p, 0.4 s for V s as
random noises to the synthetic travel time data. In Figs. 6(a)
and 6(b), we show the perturbations in percent from the
reference model with blue for faster values and red for
slower values for RRT test results. By comparing the RRT
images (Figs. 6(a) and (b)) and initial models (Figs. 7 and
8), we can know whether or not and how well the special
structures or the main trend in the real result are realistically
restored. Comparing images obtained by normal inversion
for V p (Fig. 7) and V s (Fig. 8) with their RRT images for
V p (Fig. 6(a)) and for V s (Fig. 6(b)), we can see that the
tomographic images by the normal inversion reconstructed
for most parts of the study area in the layers for 0–15 km
depths. The images located at the edge of the study area
are distorted to some extent, as expected. Reconstruction is
better for V p than for V s, probably due to low quality of
S-wave phase readings and less phase arrivals for S waves.
We believe that test results can verify the interesting parts
of our results through RRT and CRT results.
Then the inversion was performed with varying grid
spacing in the E-W direction and ﬁxed spacing in the N-
S direction. Five iterations of simultaneous inversion pro-
vided the ﬁnal results and we also obtained the relocated
hypocenters. The average root mean square residuals (rms)
for the travel times decreased from 0.159 sec to 0.154 sec
for the P wave and 0.161 sec to 0.159 sec for the S wave.
In Figs. 7 and 8, we show the perturbations in percent
from the reference model with dark blue for higher velocity
and red for lower velocity for V p and V s, and light blue for
lower values and dark yellow for larger values for V p/V s
given in Fig. 9. Each ﬁgure shows plan views of horizontal
layers at different depth slices. Regions without any col-
ors (white) represent poorly resolved areas. In Fig. 7, we
clearly see some low and high P-wave velocity regions in
the study region. High velocity areas are located in the east
of Iznik Lake, in the north of the mainshock of the Izmit
earthquake. In the central part of the Marmara Sea, the ve-
locity is not very low in the layers except for top two layers
where low velocity regions are dominant. These low veloc-
ity zones again prevail at the depth slice of 15 km, covering
wider areas.
Lower velocity regions are predominant mainly in thick
sedimentary layers or alluvium regions and Pliocene de-
posits such as the Iznik plain, the Adapazari plain, the Kara-
cabey plain, the C¸inarcik basin in the Marmara Sea. Higher
velocity regions are mainly located in the higher eleva-
tion areas and the metamorphic sequences or the ophiolitic
melange series. Lower velocity anomalies are likely to rep-
resent high porosity, fracturing, high water or ﬂuid content,
high temperature or the quartz amount in the lithology con-
tent.
As seen in Fig. 8, the pattern for the S wave is different
from that for the P wave. The main difference may prob-
ably be due to the fact that the S wave has the resolution
different from the P wave and is more sensitive to liquid,
high temperature and silicate minerals. It should be noted,
however, that the estimation of S-wave velocities is less ac-
curate than that for P wave velocities, because of rather
poor S phase readings and the lack of the data even at some
important seismic stations. For example, most of the KO-
ERI and IZINET stations are equipped with the single com-
ponent only and reading of S-wave phases from the verti-
cal seismometers leads to some misinterpretation in arrival
time, as observed by Eberhart-Phillips and Michael (1993).
On the other hand, we believe that S phase readings are of
good quality for the eastern part of the Marmara Sea region;
especially in the aftershock area, all the aftershock seismic
stations were equipped with three-component seismometers
and the digital records of 100 Hz and 2000 Hz sampling
frequency are available for 10 EDR stations. In addition,
almost all the seismic stations are located on the rock sites.
In most of the study region, we found many areas of
higher S-wave velocity at all depth slices. On the other
hand, several low S-wave velocity areas are located in the
eastern and southern part of the mainshock of the Duzce
earthquake, in the east and south of Iznik Lake and in the
Armutlu peninsula, around Bosphorus. Also, the lower
S-wave perturbations are seen at the sedimentary layer in
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Fig. 8. S-wave velocity perturbations obtained by the inversion. The velocity perturbation is deﬁned as the deviation of velocity from the initial velocity
given in Fig. 2. Blue and red colors represent high and low velocity perturbations, respectively. Open circles show the epicenters relocated by the
inversion. The fault lines are taken from Sarog˘lu et al. (1992), Ikeda and Komut (1999), Okay et al. (2000), and Woith (2003). The depth of each
layer is given in the lower right corner of each map.
Fig. 9. V p/V s values obtained by the inversion. Yellow and blue colors represent high and low V p/V s, respectively. Open circles show the epicenters
relocated by the inversion. The fault lines are taken from Sarog˘lu et al. (1992), Ikeda and Komut (1999), Okay et al. (2000), and Woith (2003). The
depth of each layer is given in the lower right corner of each map.
the C¸inarcik basin as well as the Holocene alluvium plains
situated at Izmit, Akyazi, Duzce and surrounding regions.
Such characteristics imply that some low P-wave velocity
areas might not be due to high ﬂuid contents.
In Fig. 9, we show the results for V p/V s. Most of the ar-
eas show normal or higher values of V p/V s. In the eastern
part located between the Izmit and Duzce mainshock areas,
low values of V p/V s prevail in the top layer, but the spatial
extent of this low V p/V s zone is reduced and it disappears
in the 2nd layer. We also see the low values in the second
layer at the eastern part of C¸inarcik Basin, south of Akyazi
and northeastern part of I˙zmit Mainshock. Then normal val-
ues are recovered at the depth of 10 km. In the 3rd layer,
namely 10 km depth in the southern part of Gemlik, also
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Fig. 10. Vertical cross section of velocity perturbation in the east-west
direction along 40.70◦N for (a) the P wave, (b) the S wave and (c)
V p/V s. Scales for color shading are the same as given in Fig. 7. The
relocated hypocenters (black dots) and the used seismic stations (dark
yellow reverse triangles) are also shown. Contours show the distribution
of coseismic slip obtained by Yagi and Kikuchi (2000). The counter
interval is 1 m. Yellow stars in (a) and (b), and red stars in (c) show the
Izmit mainshock and moderate aftershocks.
exits an area of lower values. In 15 km depth slice, we can
see lower anomalies at C¸inarcik Basin, ArmutlıPeninsula,
Izmit Bay and Iznik Lake regions. On the other hand, we
ﬁnd a very high value area in the west of the Duzce region
at 5 km depth and it becomes wider at 10 km depth. At this
depth we also see another high value area located around
the south of Akyazi. At the 15 km depth layer, these high
value areas are reduced, and in the Iznik Lake, and C¸inarcik,
low values again prevail. The low V p/V s anomalies in the
northern and eastern portions of the study region are in good
agreement with sedimentary layers and alluviums.
We now examine the cross sections of velocity pertur-
bation in the east-west direction along the NAFZ and in
the north-south directions crossing the mainshock regions
of the recent large earthquakes which occurred in 1999.
In Fig. 10, we show the E-W cross sectional view of ve-
locity perturbation along 40.7◦N for (a) the P wave, (b)
the S wave and (c) V p/V s. The slip distribution for the
Izmit earthquake obtained by Yagi and Kikuchi (2000) is
also shown. As we can see in Fig. 10(a), the hypocenter is
located at the high-velocity side of the transition between
the low and high P-wave velocity perturbations. As for
the S-wave perturbation, we ﬁnd a different pattern for the
Izmit earthquake. The hypocenter of the Izmit earthquake
is located in the higher velocity zone, as clearly seen in
Fig. 10(b). As for V p/V s values, one of the recent main-
shocks and most of the moderate aftershocks are located
between the high and low velocity zones with moderate
V p/V s as 1.73. The results shown here will be discussed
Fig. 11. Vertical cross sections of velocity perturbation in the north-south
direction along (a) 29.0◦E, (b) 30.0◦E and (c) 31.33◦E for the P and S
waves and the V p/V s ratio, respectively. Symbols and color shading
for velocities are the same as in Figs. 7 and 9. Red arrows show the
active faults.
in more detail in the following section.
In this cross section, it is also shown that the sedimentary
layers in the eastern part of the Marmara Sea region seem
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Fig. 11. (continued).
to extend down to 15 km depth. We can also clearly see
around 5 km thick, low P-velocity anomaly extending from
29.8◦E to the eastern end of the study region. This low
velocity anomaly increased up to 12 km in the most eastern
part of the study region. It should be noted that this area
is covered with the Holocene alluvium (Aydin and Kalafat,
2002) and our results are quite consistent with the geology
of this region.
The initial hypocenters turned out to be similar to the re-
located hypocenters, which are shown in Fig. 2. Also we
can see no clear relation between the seismicity and the ve-
locity pattern, contrary to the relation found in California
(Zhao and Kanamori, 1993). A similar less marked varia-
tion of hypocenters has been reported by Eberhart-Phillips
(1986, 1989, 1990) and Michael (1988). We pointed out
that the station density is generally poor in the western part
of the study region, but we can also see no clear relation
even in the area where the density of seismic station is very
high and the number of aftershocks is very large. So we
presume that such a result would be due to the geologi-
cal structure, which is more complex than the San Andreas
Fault. In any case, the results of seismic explosion experi-
ments should be useful to check the reliability of the initial
velocity model and the relocation procedure, although they
have not been available yet for the whole area.
We also tried to examine a possible relation of the occur-
rences of large and moderate earthquakes with the velocity
patterns. Fig. 10(a) indicates that most of the events listed in
Table 2 tend to be located in high V p zones or in transition
zones between low and high P-wave velocity anomalies.
These results are in good agreement with those obtained by
Hauksson and Hasse (1997). The events larger than 15 km
hypocenter depth are not discussed in the text. More de-
tailed discussion will be given later.
We also obtained cross sections in the north-south direc-
tion, especially for the Izmit and Duzce earthquake areas.
In Figs. 11(a), (b) and (c), we show the cross sections along
29.0◦E, 30.0◦E and 31.33◦E, respectively. One distinct fea-
ture of seismicity is that the earthquake distribution is sparse
along the cross section of 30.0◦E, as seen in Fig. 11(b),
but it is more conﬁned along 31.33◦E with the dip angle
of about 85◦, as seen in Fig. 11(c). When we carefully in-
spect the earthquake distribution along the cross section of
29.0◦E in the N-S direction, as shown in Fig. 11(a), the dif-
fused seismicity pattern does not supports the idea of Okay
et al. (2000) that the C¸inarcik basin and the Inner Boundary
Fault merge with the Northern Boundary Fault at the depth
of about 10 km with a single fault trace below that depth.
5. Interpretations with Particular Reference to
Other Observations
For interpretations of the results of tomography, compar-
isons with other geological and geophysical observations
should be important. Especially, in the tectonically complex
Marmara Sea region, the other pieces of information are
necessary to examine the reliability of the tomography re-
sults. In this section, therefore, we will compare our results
with an earlier tomographic work, some magnetotelluric
(MT) proﬁles, gravity anomalies, and magnetic anomalies.
We ﬁrst compare our results with the tomography work
of Nakamura et al. (2002). We ﬁrst point out that the
rms values are almost halves of those of Nakamura et al.
(2002) for the P wave, in spite of larger estimated reading
errors for our data set. We found that our ﬁnal velocity
patterns are similar to their results even though they used a
different data set, a different velocity model and a different
relocation procedure. For example, the hypocenter of the
Izmit mainshock is located in a relatively high velocity area
between two low velocity areas. Also there is another high
velocity zone at depths of 5 and 10 km in the east of 29.4◦E.
The main difference is that there is no low velocity zone
above the Izmit mainshock in our results compared with the
result of Nakamura et al. (2002), in which a low velocity
zone in the ﬁrst layer is absent. In our result, another
relatively high velocity anomaly exists between the low
velocity zone in the top layer and the low velocity zone
just above the hypocenter of the Izmit earthquake. This
difference stems probably from denser grid spacing, both
horizontally and vertically, more seismic stations and more
earthquakes in our work. The highest slip is seen in the
high velocity anomaly and the rupture stopped near the low
velocity anomaly in the west, as pointed out by Nakamura
et al. (2002).
The seismic velocity is related to the density and there is
a general correlation between the gravity and the velocity;
high velocities are associated with high gravity values and
low velocities with low gravity values. Thurber (1993)
showed a rough correlation between velocities and gravity
anomalies at the depth range from the near surface to 7 km
depth in California. In fact, gravity values are estimated
from velocity values (Eberhart-Phillips, 1993). Therefore,
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Fig. 12. Locations of seismic, Bouguer gravity, geomagnetic and magnetotelluric (MT) observations made by some researchers in the Marmara Sea
region. The same proﬁles are considered for the velocity perturbations through interpolation. The seismic and magnetic observations conducted along
proﬁles I-IV (thick solid lines) are given in Ates¸ et al. (2003). The seismic, gravity and magnetic observations made along proﬁles A-C (thick dashed
lines) are given in Adatepe et al. (2002). The gravity and magnetic observations made along proﬁles 1–3 (thin dashed lines) are given in O¨zer et al.
(2001). The proﬁles 1, 2, 4, and 6 (solid triangles) show the MT observation points for Tank (2002, personal communication) and Tank et al. (2003)
and solid circles for Gu¨rer (1996). Symbols and color shading for velocities are the same as in Figs. 7 and 9.
Table 2. List of the Izmit and the Duzce mainshocks and the selected moderate earthquakes which occurred in the Marmara region. The hypocenter
parameters were obtained from the 3-D inversion result.
Date Origin Time Location Depth Magnitude
Year Mo Dd Hh:mm Lat. (N) Lon. (E) km Mw
1999 08 17 00.30 40.7005 29.9310 14.18 7.4
1999 08 17 21:14 40.6951 30.2673 21.14 4.5
1999 11 11 14:41 40.7699 30.2802 18.19 4.8
1999 11 11 16:57 40.8151 31.1641 17.93 7.2
1999 11 16 17:51 40.7430 31.5557 0.98 4.6
1999 11 19 19:59 40.8129 30.9993 9.14 4.5
2002 03 23 02:36 40.8230 27.8097 12.76 4.7
tomography results should be compared with the gravity
data to evaluate the results more precisely in terms of the
density.
Here we compare our results with several gravity proﬁles
available for the Marmara Sea region (Adatepe et al., 2002;
O¨zer et al., 2001; and Ates¸ et al., 2003). The locations of
the proﬁles are shown in Fig. 12. We estimated the velocity
perturbation along the gravity proﬁles by interpolating our
velocity perturbation data at each grid point, as shown in
Figs. 13, 14, and 15 for Adatepe et al. (2002), O¨zer et al.
(2001) and Ates¸ et al. (2003), respectively. Adatepe et al.
(2002) found low gravity values for the Miocene-Pliocene
sedimentary sequences and higher values for the regions
uplifted by deformation. The velocity perturbations along
these proﬁles are rather well correlated with the sedimen-
tary layers and uplifted regions mainly located in the north
of the proﬁles; as seen in the cross sections, the sedimentary
deposits are correspond to low velocity anomalies and the
uplifted regions to high velocity anomalies.
When we compare our velocity patterns with the gravity
and magnetic proﬁles in Ates¸ et al. (2003), we can see a
similar correlation between the gravity and magnetic ﬁled
values and the velocity perturbations. For example, we can
see a low velocity zone in the central part of the Marmara
Sea. Ates¸ et al. (2003) pointed out that this region is a
highly deformed zone, which is quite consistent with low
velocity values. The tomographic results in the top layers
are also in good agreement with their results in the Marmara
Sea (Proﬁles III and IV) and around Izmit (Proﬁles I and II).
A similar rough correlation for the upper 10 km velocity
perturbation with the gravity results of O¨zer et al. (2001)
can be seen in Fig. 14.
The electrical resistivity usually derived from magne-
totelluric observations is very sensitive to the ﬂuid contents
in the crust. We now compare our velocity perturbation val-
ues with the resistivity structure derived by Gu¨rer (1996)
and Tank et al. (2003). The locations of MT proﬁles are
shown in Fig. 12 and the cross sectional views of the resis-
tivity and the velocity perturbations are shown in Figs. 16,
17(a), (b), (c), and (d) for Gu¨rer (1996), Tank (2002, per-
sonal communication) and Tank et al. (2003), respectively.
We again obtained interpolated velocity values along the
MT proﬁles. In general, high resistivity values represent
compact rocks characterized by low porosity and the lack
of ﬂuid. On the other hand, lower resistivity values indicate
high porosity with ﬂuid, partial melting and/or high tem-
perature. Low resistivity values at the top sedimentary lay-
ers correspond to the low velocity anomalies in the velocity
cross section, especially in the plain areas, as pointed out
earlier. In general, low resistivity values are consistent with
low velocity anomalies in the deep crust. The difference in
the vertical direction between MT and tomography inver-
sion results is most probably due to different resolution in
the methods.
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Fig. 13. Gravity data and structural models obtained along each proﬁle,
A-C, shown in Fig. 12 (Adatepe et al., 2002). The corresponding
P-wave velocity perturbations are shown below. Shading color scales
are similar to those in Fig. 7.
Fig. 14. Gravity data and structural models obtained along each proﬁle,
1–3, shown in Fig. 12 (O¨zer et al., 2001). The corresponding P- and
S-wave velocity perturbations are shown below. Shading color scales
are similar to those in Fig. 7.
Fig. 15. Gravity and magnetic anomaly data along proﬁles I, II, III and IV
shown in Fig. 12 (Ates¸ et al., 2003). The corresponding P-wave veloc-
ity perturbations for each proﬁle shown below. Dotted lines represent
the marine Bouguer anomalies. NAF: North Anatolian Fault, GF: Gem-
lik Fault, NBNF: Northern Boundary North Anatolian Fault, IF: Imrali
Fault, SBNF: South Boundary North Anatolian Fault, CTF: C¸inarcik
Transform Fault, WTF: Western Transform Fault. Shading color scales
are similar to those shown in Fig. 7.
Fig. 16. The 2-D resistivity model obtained for the MT proﬁle (Gu¨rer,
1996). The velocity perturbations for the P wave, the S wave and
the V p/V s values are shown along the MT proﬁle. Color shading is
given in Figs. 7, 8 and 9. Red arrows represent the active faults in
the study area. The star symbol indicates the Izmit mainshock. IF:
Iznik-Mekece Fault, NAF: North Anatolian Fault. Dark yellow inverted
triangles represent the MT observation sites.
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6. Discussion and Conclusions
The data for the present tomography study consist of
earthquakes occurring in the Marmara Sea region and two
recent strong earthquakes and their aftershocks, recorded
by different networks and ﬁeld campaigns of various re-
search groups. We combined most of the available data
for the Marmara region, including aftershocks of the Izmit
and the Duzce earthquakes. We ﬁrst relocated the hypocen-
ters from all the available phases by using the 1-D veloc-
ity model, which has been widely used by KOERI for the
Marmara region. We selected a 3-D grid and the events,
depending upon several criteria for tomographic inversion.
By applying a 3-D tomographic inversion technique called
TOMOG3D, developed by Zhao et al. (1992) and widely
used since then, to the travel time data for local earthquakes
in the Marmara Sea region, we could determine velocity
perturbation of this region and relocate 3,949 earthquakes
selected for the period from 1985 to 2002. The average root
mean square (RMS) values for the travel times decreased
from 0.159 sec to 0.154 sec for the P-wave data and from
0.161 sec to 0.159 sec for the S-wave data. The obtained ve-
locity perturbation values show several distinctive features,
as will be discussed in the following paragraphs.
In addition to various knowledge about tectonics and ge-
ology of the Marmara Sea region, there are many researches
on the shallow structure from seismic prospecting (Okay et
al., 2000; Alpar and Yaltirak, 2002; Adatepe et al., 2002;
Demirbag˘ et al., 2003; Ates¸ et al., 2003; O¨zer et al., 2001)
and some drilled wells for oil exploration. However, the
deep structure in the Marmara Sea has not been well known.
It is important to identify structural features such as high
velocity anomalies along faults under the Sea of Marmara
which may be a potential fault-rupture area causing major
earthquakes. In this respect, we observed high and low ve-
locity zones in the region and strong lateral variations at dif-
ferent depth slices as well as vertical variations of velocity
perturbation in the E-W and the N-S directions. Further-
more, the relocated seismicity shows that the NAFZ in the
Marmara Sea region appears as complicated as described
in the geological, tectonical and seismic studies. For ex-
ample, the low velocity zones at hypocentral depth beneath
the middle Marmara Sea could be explained by high thick
sedimentary units, by heterogeneity of material, by the pres-
ence of ﬂuids, by high pore pressure, or by the combination
of these. In fact, Nakamura et al. (2002) concluded that the
low velocity anomalies found near the Izmit mainshock area
correspond to high-porosity zones without interconnected
ﬂuids.
Meade et al. (2002) concluded that the northern branch
of the NAFZ is more active as clearly shown by relative
motion of about 24 mm/year which has been disclosed by
GPS observations. This conclusion was also supported by
Reilinger et al. (1997), McClusky et al. (2000) and Ay-
han et al. (2002). Meade et al. (2002) pointed out that the
strain accumulation in the Marmara Sea region is highly
localized along the straight fault geometry with a shallow
locking depth of 6–7 km. Ayhan et al. (2002) concluded
that the largest shear-strain accumulation is seen along the
northern branch of the NAFZ with a maximum shear-strain
rate reaching 220 nanostrain/year in the Marmara Sea. The
present seismicity distribution given in Fig. 3 is very con-
sistent with these results. Most of the microearthquake ac-
tivities are located along the northern branch. On the other
hand, most of the seismicity along the western part of the
NAFZ concentrates below this depth. Probably the creep
may be conﬁned to the upper portion of the NAFZ and the
seismogenic zone of the fault extending from 7 to 15 km
would be locked to store strain for future earthquakes.
Microearthquake activity, long-term seismicity, high
slip-rate and seismic migration of large earthquakes at the
NAFZ suggest that the Marmara Sea region is a potential
site for the next large earthquake. Tokso¨z et al. (1979)
pointed out that an almost 300 km long segment of the
NAFZ in the Marmara Sea region has not ruptured and can
be identiﬁed as a seismic gap capable of generating a large
earthquake. Even after the two recent large earthquakes in
the east of the Marmara region, The Marmara Sea has been
supposed to be a notable seismic gap along the NAFZ.
Zhao et al. (2000) claimed through tomographic studies
that large earthquakes do not occur anywhere, but only in
anomalous areas that may be detected by high-resolution
seismic imaging with tomography and the combination with
geophysical, geochemical and geological results. Eberhart-
Phillips and Michael (1993) also claimed that high-velocity
bodies correspond to hard asperities. A similar conclusion
was derived by Young and Maxwell (1992); high seismic
velocities characterize highly stressed regions and have a
potential of signiﬁcant seismic energy release. Lees (1990)
and Zhao and Kanamori (1993) also concluded that most of
the earthquakes in California (mainshocks and aftershocks)
occur in high-velocity areas. These areas are probably
strong brittle portions along the fault zone, while low ve-
locity areas are probably weak ductile portions which can-
not effectively generate earthquakes. Similar results can be
found in Nicholson and Lees (1992), Eberhart-Phillips and
Michael (1993), Hauksson and Hasse (1997) and Ishida and
Hasemi (1998); earthquakes mostly occur in high velocity
zones, and seismicity is low in low velocity zones. Naka-
mura et al. (2002) also suggested that the high velocity zone
at the Iznik-Mekece fault might be broken easily in the fu-
ture.
Thus it has widely been believed that deﬁning such as-
perities by high velocity regions may help to predict the
location and size of a future event along major strike-slip
faults in California. On the other hand, Zhao and Negishi
(1998), Zhao et al. (2000) and Zhao et al. (2001) pointed out
through seismic tomography that many historical and recent
interplate earthquakes in Japan occurred in or around the ar-
eas of low seismic velocity. These regions are supposed to
represent decoupled, weak areas of the crust and the gener-
ation of a large earthquake is closely related to the physical
and chemical properties of the material in the crust such as
magma and ﬂuids. In the case of northwestern Turkey, one
recent large earthquakes and some strong aftershocks oc-
curred in the high velocity (V p) areas or the transition zone
between high velocity and low velocity zones (see Fig. 7)
in the eastern part of the studied area. In this respect, high
velocity zones in the western extension of the NAFZ should
be more important. We found some high V p bodies at the
Iznik-Mekece fault and the northern branch of the NAFZ


















































































































































































S¸. BARIS¸ et al.: 3-D UPPER CRUST STRUCTURE OF THE MARMARA REGION 1035
passing trough the Marmara Sea. These regions could be
possible sources of future large earthquakes and special at-
tention is necessary to understand the relationship between
the earthquake generation process and the inhomogeneity
of the crust.
It should also be pointed out here that several low ve-
locity anomalies were found. In particular, the sedimen-
tary units or alluvium regions such as basins and plains in
the Marmara region show lower V p perturbations and low
V p/V s values. On the other hand, the outcrop of volcanic
rocks or granites and also volcanic and magmatic material
situated in the deeper parts show higher V p anomalies. Ve-
locity perturbations from the initial model show that the
low velocity zone in the central and western parts of the
Marmara Sea continues to 15 km, deeper than expected.
There is one relatively high velocity body at depth in 10
km at 28.0◦E. The observed velocity perturbation structure
is quite different for the V s and the obtained V p/V s ratio
also shows sharp lateral variations.
In the next, we compare the cross sections of the 3-D
velocity structure with the hypocenters of the mainshock of
the recent large earthquake, and its rupture areas given in
Fig. 10. We then notice a strong lateral velocity variation
across the fault at all the depths. For the Izmit earthquake,
the high velocity zone at depths less than 5 km extending
along the fault coincides with the area that is inferred to
have ruptured during the mainshock. Larger slip occurred
in the high velocity areas as clearly seen in Fig. 10(a).
Delouis et al. (2002) concluded that a central asperity is
located between 29.7◦E and 30.4◦E with slip reaching 6–
8 m in the depth range of 5–10 km. We also considered
the slip distribution for the Izmit earthquake reported by
Yagi and Kikuchi (2000), and found a similar result; larger
slip occurred in the higher velocity perturbation. We also
found that the seismicity seems to diffuse into low and high
velocity regions. There is no clear evidence showing that
earthquakes clustering in high or low velocity zones. A
similar conclusion was obtained by Eberhart-Phillips and
Micheal (1993). It should be noted, however, that because
of the poor station distribution in the western part of the
Marmara Sea region, the structural resolution is not enough
to have a better image of this portion.
The 3-D image presented here was also compared with
the available gravity, MT and magnetic data. The observed
Bouguer gravity values are supposed to roughly represent
the density distribution of the upper crust. Thurber (1993)
showed a rough correlation between velocities and gravity
anomalies for the depth range from the near surface to 7
km depth in California, based on the computation of grav-
ity values from the velocity as given in Eberhart-Phillips
(1990). Hence, we attempted to compare our results with
several gravity proﬁles obtained by Adatepe et al. (2002),
O¨zer et al. (2001) and Ates¸ et al. (2003). Then we found
that negative gravity anomalies are indicative of bifurcation
of the NAF. The low-density sedimentary units could be
the reason for the negative gravity anomalies. Also the lo-
cal gravity anomalies show a particular correlation with the
velocity perturbations. As for near-surface velocities, our
model clearly shows the correlation with geology, the grav-
ity and magnetic anomalies in the scale of horizontal block
size. High V p and high gravity anomalies are associated
with exposed metamorphic and magmatic rocks, and also
alluvium or thick sedimentary units in the basins like Iznik,
Karacabey or C¸inarcik in the Marmara Sea are associated
with low velocity, low gravity and low resistivity. There is a
high magnetic anomaly appearing from the entrance of the
Bosphorus and reaching the south of Tekirdag˘. This high
anomaly is supposed to have originated from Precambrien
metamorhpites underlain by Paleozoic rocks. This region
shows higher velocity perturbations in slices 2 to 4 which
are in good agreement with the magnetic anomalies for the
uppermost layer. For higher magnetic anomalies observed
along the proﬁles, high velocity perturbations tend to be
seen in almost the same portion of the proﬁles.
MT sounding is a very useful and powerful tool for
crustal studies in earthquake source regions, since the re-
sistivity is sensitive to lateral structural variations. Maﬁc
rocks are usually characterized by high-velocity and high-
resistivity blocks, whereas sediments or alluviums by low
velocity and low resistivity. Unsworth et al. (2000), Mit-
suhata et al. (2001) and Ogawa et al. (2001, 2002) all
showed that seismic activity clusters near the rims of low
resistivity zones. This result also holds for the Izmit and
the Duzce earthquakes. Gu¨rer (1996) pointed out that the
Iznik metamorphic assemblage and the Geyve ophiolite are
very resistive, and showed that the sedimentary layers are
about 4 km thick in Izmit and 2 km thick in Geyve. Gu¨rer
(1996) also found very conductive zones in the top layer
and conductive zones in deeper parts. Tank et al. (2003)
also concluded that most of the aftershocks tended to oc-
cur in a resistive zone underlain by a moderately conduc-
tive zone. Nakamura et al. (2002) concluded that many
aftershocks tended to occur at the edge of high resistivity
anomaly, comparing velocity perturbation, relocated seis-
micity and the resistivity structure reported by Oshiman et
al. (2002). These results indicate that material property is
heterogeneous along the NAFZ.
Tank et al. (2002, personal communication), in addition
to reevaluation of the data set obtained by Oshiman et al.
(2002), made new observations along the same proﬁle and
along a new proﬁle. They found a remarkable relation be-
tween seismic activity and the resistivity structure; after-
shocks of the Izmit earthquake tended to occur in the resis-
tive zone underlain by a moderately conductive zone. Such
a relation between seismicity and the resistivity structure
has also been reported in seismically active areas in Japan
(Mitsuhata et al., 2001; Ogawa et al., 2001, 2002). The re-
sistivity structure and the velocity perturbation are shown in
Figs. 16, 17(a), (b), (c) and (d), indicating good correlation
between each other. High V p anomalies correspond to high
resistive zones and low velocity anomalies to low resistive
zones.
It should be noted, however, that for MT proﬁle 2, a dif-
ferent feature was seen; the seismic activity is in fact re-
garded as an earthquake swarm and it is related to crustal
ﬂuid existing in the low resistivity area. Such crustal ﬂuid
is supposed to trigger the swarm activity. However, we
obtained higher S-wave velocity perturbation and lower
V p/V s ratio for this region. Hence one possible cause of
this conductive zone is lithological complexity of the mate-
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rial, high metamorphism or higher degree porous material
in the crust. Alternatively, the inversion may have been in-
ﬂuenced by strong anisotropy of seismic wave velocities.
We have also tried to evaluate V p/V s values by using
P- and S-wave data in the present study. V p/V s ratio,
which also corresponds to the Poisson ratio, provides the
information on rock property, ﬂuid content and partial melt-
ing. High V p/V s values are supposed to be associated
with highly fractured and water-saturated rocks. Lower-
ing of V p/V s corresponds to closing of microcracks un-
der increasing conﬁning pressure. In volcanic regions, low
V p, low V s and high V p/V s often indicate partial melt-
ing. V p/V s is also very sensitive to the silica content of
volcanic rocks. For example, Christensen (1996) showed
that for rocks with SiO2 content above 55% and to 75%,
compressional wave velocities decrease and shear velocities
increase with increasing percentage of SiO2. According to
this result, the seismic velocity at the Mesozoic/Cenozoic
orogenic belts should be low, compared with the shield re-
gions. On the other hand, high ﬂuid pressure would reduce
V p and increase V p/V s.
Walck (1988) pointed out that shallow microearthquakes
tend to occur in low V p/V s areas, whereas Nakajima et al.
(2001) found that swarms occur in areas where V p and V s
are slightly low and V p/V s is moderately low. Unfortu-
nately, we could not ﬁnd such a clear tendency between the
seismicity and the V p/V s values. One possible reason for
that is poor resolution of V s, compared with V p, because of
smaller numbers of S-phase reading as well as different sets
of stations for the S-wave data. Especially in the western
and northwestern portions of the studied area, few seismic
stations have been operated for a long time and even some
of the key stations have provided S reading with rather poor
accuracy. Therefore, we should be careful in interpreting
V p/V s structures. Smaller V p/V s values could also be
ascribed to artifacts caused by secondary early arrivals such
as S to P converted phases, as discussed in Hauksson and
Hasse (1997).
Since the Marmara Sea region is extremely important in
that the potential of large earthquake occurrence is very
high, more data are necessary, such as deep seismic refrac-
tion and reﬂection, sea bottom MT, dense microgravity sur-
vey and deep well data. A denser seismic network will al-
low us to have more detailed images of the faults zones in
the study area. Better understanding of P- and S-wave ve-
locity variations and V p/V s ratios is possible simply with
addition of some new 3-component seismic stations to the
present networks in the western part of the Marmara Sea
region. In particular, ocean bottom seismometry (OBS)
is vital to ensure denser grid spacing and accuracy of ar-
rival times of S wave, without which high resolution of the
crustal velocity structure in this region will not be attained.
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